Abstract
Introduction
Although autoimmune insulitis as the pathophysiological basis of type 1 diabetes mellitus (T1DM) has been known for decades [1, 2] , many aspects of the disease development still remain elusive. The degree of insulitis in different islets is not completely simultaneous and affected and unaffected islets may even coexist [3] . Recent results also suggest that insulitis is characterized by a highly variable grade of destruction and also the inflammatory lesion is open in terms of cell influx and leukocyte turnover [4] . Insulitis might coexist with still functioning β cells. As a clinical evidence of this observation, the Joslin Medalist Study indicates that endogenous insulin production may be present in a significant proportion of individuals with long-standing T1DM [5] . However, the majority of factors including non-HLA gene polymorphisms that could determine which subset of type 1 diabetic individuals may present with endogenous insulin production even after 50 years are still largely unknown.
Autoimmune diseases commonly coexist in clinical practice, possibly as a consequence of the fact that they often share common genetic risk alleles. Both autoreactive T cells and autoantibodies were detectable from the peripheral blood of healthy individuals when assessed with highly sensitive methods [6, 7] , establishing the role for disturbed immunoregulation in autoimmune disease development. The susceptibility to a progressive clinical course of autoantibody positive pediatric individuals that will decide who may eventually progress to clinical T1DM in three years or who may remain diabetes-free for up to ten years may likely be determined by non-HLA genotypes including polymorphisms of genes implicated in interleukin (IL)-2 signal transduction [8] . Polymorphisms of the CTLA4 (cytotoxic T-lymphocyte-associated protein 4) gene were found to be associated with a higher risk for T1DM [9] , celiac disease [10] and other autoimmune disorders including rheumatoid arthritis and Graves' disease [11, 12] in genome-wide association studies (GWA). This extensive association with autoimmune diseases may likely be explained by the CTLA4 gene product function on regulatory T cells (Treg) that is characterized by the downregulation of B7 costimulatory complexes (CD80, 86) on the surface of antigenpresenting cells with the subsequent inhibition of effector T cell responses [13] .
In recent years the protective effect of incretin hormones on β cells was raised based on observations that described alterations of the incretin system (GLP-1-DPP-4) in patients with T1DM and also on pilot studies in T1DM using therapeutic approaches acting on the incretin axis [14] [15] [16] [17] [18] . Due to the fact that these investigations, i.e. the genetic association studies and the research on the potential role of the incretin effect in T1DM, were running on different strands we applied a novel approach and assessed a few selected gene polymorphisms (DPP4, CTLA4, CD25, PTPN2; Tables 1 and 2 ) and in parallel we measured the protein expression of a few important molecules in immune regulation and also assessed the prandial (peak) incretin response (active, inactive and total GLP-1 plasma concentrations) and the fasting serum DPP-4 enzymatic activity in healthy volunteers and patients with T1DM.
Material and methods

Patients and study setup
The study protocol was approved by the Semmelweis University Regional and Institutional Committee of Science and Research Ethics and all participating individuals gave written informed consent. Thirty-three patients with T1DM (F/M = 17/16, mean age: 33.4 years, mean disease duration of 14.3 years) treated at our outpatient clinics in Budapest and 34 age-and gender-matched non-diabetic control subjects (F/M = 18/16, mean age: 32.6 years) without a family history of T1DM were enrolled on a voluntary basis between November, 2013 and March, 2014. All participants were Caucasian. T1DM patients were diagnosed according to international standard criteria [19] . Patients on systemic immunomodulatory medication, or with off-label use of drugs acting on the incretin axis (i.e. DPP-4-inhibitors), were excluded from the study group. Control subjects were free of known autoimmune diseases, endocrine disorders and any other significant chronic or acute diseases. Comorbidities and the most important metabolic characteristics are shown in Tables 3 and 4. T1DM subjects with extreme disturbances of carbohydrate metabolism (HbA 1C > 12% and/or fasting plasma glucose > 20 mmol/l) were also excluded. 
Assessment of serum DPP-4 enzymatic activity and plasma GLP-1 levels
Fasting serum DPP-4 activity was determined in a continuous monitoring assay in a Varioskan Flash microplate reader (Thermo Scientific, Waltham, MA, USA) at 405 nm, 37°C for 30 min, using 9.4 μl of serum and 115.6 μl of assay buffer (10 mM Tris-HCl, pH 7.6) containing 2 mmol/l Gly-Pro-paranitroanilide tosylate substrate (Bachem, Bubendorf, Switzerland) in each microplate well. Enzyme activity is expressed in nmol/ml/min (U/l) of pNA hydrolyzed. Active (GLP-1 amide) and total GLP-1 (GLP-1 amide and GLP-1 amide) were assessed from prandial plasma samples taken 45 minutes after having a standardized test meal in the morning containing 50 grams of carbohydrate, 22 grams of protein and 9 grams of fat. Patients with T1DM received their regular doses of short/rapid acting insulin calculated for the morning test meal. Measurements were made using specific ELISA kits according to the manufacturer's recommendations (EMD Millipore, Billerica, MA, USA). Plasma samples for all GLP-1 assessments were treated with DPP-4 inhibitor (sitagliptin) and a protease inhibitor cocktail (P8340, Sigma Aldrich, Saint Luis, MO, USA). All measurements were run in duplicate. Plasma GLP-1 levels were expressed in pmol/l.
Flow cytometric analysis
Fasting, EDTA-anticoagulated blood samples were collected. The flow cytometric analysis was performed as described in detail in our prior publication [20] using the following flow cytometric antibodies: CD3-PE-Cy7, CD8-PerCP, CD25-AF700 (Biolegend, San Diego, CA, USA), Foxp3-PE-CF594 and CTLA-4-APC (BD Biosciences, San Jose, CA, USA). A Beckman Coulter Navios flow cytometer and version 1.2 of Beckman Coulter Kaluza software (Brea, CA, USA) were used for quantitative analysis. CTLA-4 expression levels were assessed intracellularly; median fluorescence intensity values (MFI) are indicated. Our gating strategy is described in Figure 1 . 
Assessment of genotypes
Genomic DNA was isolated by a magnetic bead (Mag Maxi Kit, LGC Genomic Solutions, Berlin, Germany) based method using a Hamilton MagNA STAR automated robotized system (Hamilton Robotics, Bonaduz, Switzerland). Subsequently 500 ng of genomic DNA (in 5 μl volume, 100 ng/μl) was used in predesigned (TaqMan) genotyping assays (Thermo Fisher Scientific, Waltham, MA USA) with pre-mixed master-mix (FastStart Essential DNA Probes Master, Roche, Basel, Switzerland) supplemented with ROX with cycle conditions suggested by the manufacturer in a 7500 Fast Real-Time PCR System (Applied Biosystems, Foster City, CA, USA).
Statistical analysis
Genotype distributions were assessed using the HardyWeinberg equilibrium (HWE) test. The Kolmogorov-Smirnov test was used to assess normality for the continuous parameters measured, including 45 min prandial plasma GLP-1 concentrations (nmol/l) and fasting serum DPP-4 (U/l) enzymatic activity. Statistica software (version 12, StatSoft, Tulsa, OK, USA) was used. In situations of normal distributions an unpaired two-tailed t-test (Welch t-test for comparison of groups with significantly different variances), and in situations of non-normal distribution the Mann-Whitney U-test (MWU) was used to assess the difference in central tendency between study groups. The Wilcoxon test was used to compare dependent variables. One-way ANOVA with Scheffé post-hoc test was used to compare means of independent variables. Spearman rank order (SRO) and Pearson tests were used to assess correlations. The χ 2 test (CST) was used to assess gender proportion and allele distribution similarity.
We performed power calculation using the mean values and the sample size numbers and the population sigma values. A sample size calculation was also performed under the dominant genetic model (CTLA4 rs3087243-A allele carriers vs. non-carriers) using the measured effect sizes in GLP-1 response to meals (45 min total plasma GLP-1 concentrations) as there were no reported clinical studies prior to our observation that could have had been used for effect size estimations and subsequent sample size calculations.
Results
Association of the rs3087243-G/A polymorphism SNP with CTLA-4 expression in Foxp3
+ CD25 +
Treg cells
The distributions of G/A alleles of the CTLA4 rs3087243 SNP in our study population and the European population are shown in Table 2 
Association between the CTLA4 genotypes (rs3087243 SNP) and the peak plasma total GLP-1 levels
The 45 min prandial plasma total GLP-1 levels were significantly lower in the peripheral blood of individuals with the CTLA4 rs3087243-G/G genotype both in the entire study population (45 min total plasma GLP-1 cc. in individuals with rs3087243-G/G genotype: 12 Fig. 3 ). The Scheffé post-hoc test also demonstrated a significant (p = 0.006) difference in the postprandial total GLP-1 plasma levels between individuals with CTLA4 rs3087243-G/G genotype and heterozygous A allele carriers (Fig. 3) . Carrying the A allele of rs3087243 was related to a 3.11 pmol/l increase in the prandial total GLP-1 plasma levels (p = 0.002) in the entire study population. The calculated 45 min prandial plasma cleaved GLP-1 9-36 levels were also significantly lower in the peripheral blood of individuals with the CTLA4 rs3087243-G/G genotype in the entire study population (in individuals with rs3087243-G/G genotype: The sample size calculation using the measured effect sizes in GLP-1 response to meals in CTLA4 rs3087243-A allele carriers vs. non-carriers gave the result that 25-25 carrier and non-carrier individuals were needed in order to reach the level of statistical significance with a statistical power over 80%.
We could not detect any further difference in the active GLP-1 7-36 amide 45 min prandial plasma concentrations or in fasting serum DPP-4 enzymatic activity according to different CTLA4 rs3087243 genotypes and also other genotypes studied. Adjustment of the plasma GLP-1 levels to BMI in the total study population and also to HbA 1c and total daily insulin requirement in the T1DM group did not significantly alter our results.
Associations with other parameters
Earlier disease onset characterized those T1DM individuals who did not carry any A allele of the rs3087243 polymorphism compared to A allele carriers with borderline significance (individuals with rs3087243-G/G ; p = 0.0713). Plasma total GLP-1 levels did not differ between patients with detectable plasma C-peptide levels and C-peptide negative patients, although only 8 patients had residual detectable β cell function and the mean disease duration of the two groups was different (7.96 years vs. 16.33 years). Prandial plasma total GLP-1 levels tended to decrease with age in T1DM patients (r = -0.27) and the r value was more pronounced in subjects with rs3087243 G/G genotype (r = -0.41), but the p values were non-significant (p = 0.13, Pearson test). Fasting serum DPP-4 enzymatic activity was higher in individuals with the rs6741949 G/G DPP4 Fig. 4) . Carrying the C allele of rs6741949 was related to a 4.64 U/l decrease in serum DPP-4 enzymatic activity in the entire study population with borderline statistical significance (p = 0.037).
Discussion and conclusions
Here we report for the first time that the CTLA4 rs3087243 G/G genotype was significantly associated with lower total plasma 45 min GLP-1 concentration in our study participants, independently of the presence of T1DM. Although the rs3087243 CTLA4 gene variant was reported to be only moderately (OR of 1.2) associated with the risk of developing T1DM [9] , our results might suggest that the rs3087243 gene variant may play an important role in qualitative traits related to the reduced incretin response to meals, possibly through previously unexpected immune-mediated pathology in the GI tract.
According to our knowledge, this is the first report of an association between a common gene variant and the total prandial GLP-1 plasma levels. The CTLA4 rs3087243 variant is located downstream from the CTLA4 gene within a regulatory region and the G/G genotype is relatively common (43.3% in our study population, 39.7% worldwide and 28.1% in the European population according to the 1000 Genomes database [21] ).
In contrast, rs4664447 C/C (fwd strnd) of the GCG gene, which was -to our knowledge -the only previously reported risk genotype to be associated with a reduced GLP-1 response, occurs only in approximately 4 out of 10 000 individuals with European origin (Ensemble genomic database -Human -GRCh38.p13) [22, 23] . Fig. 4 . Fasting serum DPP-4 enzymatic activity was higher in individuals with the rs6741949-G/G genotype than in those who carry at least one C allele. Group means and the 95% confidence intervals are indicated Fig. 3 . The postprandial plasma total GLP-1 levels were lower in homozygous rs3087243-G carriers than in individuals who carry at least one A allele in the entire study population and also in both study groups separately. No difference could be detected between the heterozygous and homozygous carriers of the rs3087243-A allele, but the peak plasma total GLP-1 levels were also higher in the heterozygous group than in homozygous G allele carriers. Group means and the 95% confidence intervals are indicated
The decreased regulatory capacity in complex immune responses might likely be the common pathophysiological hallmark of autoimmune disorders. Autoimmune diseases frequently share common genetic susceptibility loci and polymorphisms as a common background for disease development in different target organs [24] . In addition, CTLA4 rs3087243 was identified as a shared candidate gene variant for celiac disease and T1DM [25] . We may therefore speculate that our findings might be related to immune-mediated damage of L cells that results in impaired incretin (GLP-1) secretion after a meal and this is indicated by the lower total prandial plasma GLP-1 concentrations in genetically susceptible individuals. The higher Treg CTLA-4 expression we found in CTLA4 rs3087243-A carriers might possibly refer to an altered suppressive capacity of Treg cells, consistently with our theory. The intestinal immune dysregulation and the disruption of mucosal immune tolerance are likely to be involved in the pathogenesis of T1DM [26, 27] .
Blaslov et al. found the largest reduction in total prandial GLP-1 levels in T1DM patients who concurrently had metabolic syndrome (MS) [28] . In the view of the results presented here, one might also speculate about the potential of an inverse event sequence, namely that the reduction in GLP-1 response in susceptible individuals might have contributed to the development of MS [29] . However, our results were unlikely influenced by MS as both the T1DM and control groups were matched and presented with normal mean BMI and no difference in GLP-1 levels was found after adjustment for BMI.
In summary, we report for the first time the association between CTLA4 rs3087243 G/G genotype and reduced total prandial plasma GLP-1 concentrations independent of T1DM in our cohort. Based on its prevalence in the population the CTLA4 rs3087243 might be potentially considered as a candidate gene variant for future trials tailoring the incretin response/therapy.
Limitations
These findings about the association between CTLA4 rs3087243 risk genotype and the total plasma GLP-1 levels after a meal should also be confirmed in replication studies with at least similar sample sizes. Higher sample sizes would likely be required to assess the clinical significance of this association between total prandial GLP-1 levels and CTLA4 genotypes.
